Pseudomonas aeruginosa is an opportunistic pathogen that forms biofilms on tissues and other surfaces. We characterized the interaction of purified human neutrophils with P. aeruginosa, growing in biofilms, with regard to morphology, oxygen consumption, phagocytosis, and degranulation. Scanning electron and confocal laser microscopy indicated that the neutrophils retained a round, unpolarized, unstimulated morphology when exposed to P. aeruginosa PAO1 biofilms. However, transmission electron microscopy demonstrated that neutrophils, although rounded on their dorsal side, were phagocytically active with moderate membrane rearrangement on their bacteria-adjacent surfaces. The settled neutrophils lacked pseudopodia, were impaired in motility, and were enveloped by a cloud of planktonic bacteria released from the biofilms. The oxygen consumption of the biofilm/neutrophil system increased 6-and 8-fold over that of the biofilm alone or unstimulated neutrophils in suspension, respectively. H 2 O 2 accumulation was transient, reaching a maximal measured value of 1 M. Following contact, stimulated degranulation was 20 -40% (myeloperoxidase, ␤-glucuronidase) and 40 -80% (lactoferrin) of maximal when compared with formylmethionylleucylphenylalanine plus cytochalasin B stimulation. In summary, after neutrophils settle on P. aeruginosa biofilms, they become phagocytically engorged, partially degranulated, immobilized, and rounded. The settling also causes an increase in oxygen consumption of the system, apparently resulting from a combination of a bacterial respiration and escape response and the neutrophil respiratory burst but with little increase in the soluble concentration of H 2 O 2 . Thus, host defense becomes compromised as biofilm bacteria escape while neutrophils remain immobilized with a diminished oxidative potential.
P
seudomonas aeruginosa is an important causative agent of a variety of acute and chronic infections, including burn wound infections as well as infections of the respiratory tract, urinary tract, eye, and ear (1) . P. aeruginosa is also well adapted to the hospital environment because of its nutritional versatility, minimal growth requirements, and extensive acquisition of antibiotic resistances (2) , and therefore causes nosocomial infection on indwelling devices such as catheters used in continuous ambulatory peritoneal dialysis and in the urinary tract. In patients with cystic fibrosis (CF), 3 chronic pulmonary infections with alginate-producing strains of P. aeruginosa are the leading cause of morbidity and mortality (reviewed in Ref. 3) . A common characteristic of P. aeruginosa infections is that they are caused by bacterial association with surfaces, either human tissue or indwelling device, and therefore may be considered biofilm-associated diseases (4) . It has been proposed that the quorum-sensing compounds, such as homoserine lactones, play an important role in the formation of bacterial biofilms (5, 6) . Since P. aeruginosa in pulmonary infections secrete quorum-sensing compounds (6) , infection of the CF pulmonary tissue has also been considered a biofilm-associated disease.
Bacteria growing in biofilms often display a variety of phenotypic differences from the same strains growing in planktonic culture. These differences include changes in motility (7, 8) , in some cases increases in the production of extracellular polysaccharides (9) , and increased resistance to antibiotics (reviewed in Ref. 10) . Recent studies using DNA microarray analysis revealed differences in the expression of 73 genes of P. aeruginosa following 5 days of biofilm growth (11) . Whole cell proteome analysis revealed as much as a 50% change in protein profiles following attachment of P. aeruginosa to a surface and development into a mature biofilm (12) . Whether these phenotypic changes following biofilm formation are responsible for the increased resistance of P. aeruginosa to host defenses has not been determined.
It is apparent that host responses are often not effective against biofilms. For example, indwelling devices must be removed following colonization by P. aeruginosa and cannot be effectively treated with antibiotics. In CF pulmonary infections, the thick mucus in the pulmonary tissue consists of a combination of bacteria, alginate that they secrete, as well as inflammatory cells attempting to clear the infection (3) . Moreover, P. aeruginosa biofilms appear to be resistant to toxic oxygen products such as H 2 O 2 , easily converting it back to O 2 with powerful catalase and superoxide dismutase activities (13) (14) (15) .
Neutrophils are probably the most significant component of the host defense mounted in the P. aeruginosa infection of the lung and it is clear that their significant secretory and phagocytic arsenal of toxic oxygen species, degrading enzymes, defensins, and lipid inflammatory mediators is often ineffective in combating such infections. In fact, neutrophils contribute to the pathology of lung disorders with these mediators (16) and provide a source of the DNA and actin polymers that contribute to the CF lung mucus and its characteristic congestive viscosity (17, 18) . Neutrophils also constitute the major leukocyte presence in the blood and acutely inflamed tissue and would be expected to respond to growth of biofilms on surfaces implanted in the vasculature or other tissues. Thus, it would be important to understand how this host defensive system interacts with biofilms under controlled conditions.
To examine the unique interaction of neutrophils with P. aeruginosa, we exposed biofilms of P. aeruginosa to neutrophils under conditions where the oxygen consumption, cell morphology, and host defensive processes could be monitored. We observed that the consumption of oxygen increases in both the bacteria and neutrophils, but with little accumulation of H 2 O 2 , when the leukocytes were allowed to settle on the biofilm. In addition, we found that the host defensive cells did not exhibit significant motility or the characteristic polarized morphology of motile cells, but were able to engage in phagocytosis while retaining a roughly spherical shape with modest membrane ruffling. The bacteria, on the other hand, appeared to exhibit an increased oxygen consumption and a phobotactic or escape response that released a cloud of bacteria that eventually enveloped and obscured the settled neutrophils.
Materials and Methods

Bacterial strains
P. aeruginosa PAO1 was used in these studies and was routinely maintained on L agar (10 g tryptone, 5 g yeast extract, 5 g NaCl, 15 g Bactoagar/L; Difco, Franklin Lakes, NJ). For visualization of the bacteria using scanning confocal laser microscopy (SCLM), P. aeruginosa PAO1 contained plasmid pMF230 (19) , which results in constitutive expression of the green fluorescent protein gfp-mut2. P. aeruginosa (pMF230) was maintained on L agar with 300 g/ml carbenicillin (Anatrace, Maumee, OH).
Isolation of human neutrophils and human serum
Human neutrophils were purified from fresh whole citrated blood using gelatin sedimentation as previously described by Henson and Oades (20) . Isolated cells were stored on wet ice, (0°C) in modified HBSS (SigmaAldrich, St. Louis, MO) at ϳ10 7 -10 8 cells/ml until needed. Immediately before experiments, cells were resuspended and aliquoted to microfuge tubes and warmed to 37°C. Human serum was prepared by allowing fresh whole blood to clot at room temperature in sterile glass tubes. After clot retraction, the serum was pulled from the clot tube, placed in sterile microfuge tubes, and spun at a relative centrifugal force of 5000 ϫ g for 2 min to remove any excess cells and clot debris. The supernatant was transferred via pipette to sterile microfuge tubes and stored at 4°C.
SCLM
For analysis of biofilm-neutrophil interactions by SCLM, a drip flow reactor with a glass microscope slide substratum was used to cultivate biofilms (21) . The medium for the flow system (Biofilm medium) contained per liter: 0.09 mM sodium glutamate, 0.5 mM glycerol, 0.02 mM MgSO 4 , 0.15 mM NaH 2 PO 4 , 0.34 mM K 2 HPO 4 , and 145 mM NaCl. The pH of the medium was adjusted to 7.0. Flow cells were inoculated by first growing the cultures in 10ϫ biofilm medium but only 15 mM NaCl until the cell density was ϳ10 7 cell/ml. The cultures were diluted 10-fold in saline, and 5 ml of cell suspension was used to inoculate the flow cells. After 20 min, the flow of 1ϫ biofilm medium was initiated at a rate of 1.2 ml/min, and biofilms were cultivated at 37 o C for 72 h. After 72 h of cultivation, the microscope slides containing biofilms were removed from the chamber and placed in Petri dishes with HBSS, rinsed once, and then covered with 15 ml of HBSS. Neutrophils (2 ϫ 10 7 ) were then stained in HBSS containing 16 M of the vital stain BODIPY-FL SSE (sulfosuccinimidyl ester; Molecular Probes, Eugene OR) for 5 min, washed twice with HBSS, and resuspended in 200 l of HBSS. Stained neutrophils (50 l) were then added as a drop to the center of the biofilm slide and regions with an appropriate neutrophil density were chosen visually in the neutrophil settled area (ϳ10-to 15-mm diameter). Experiments comparing myeloperoxidase release by neutrophils induced by 1 M formylmethionyleucylphenylalanine (fMLF) in the presence of 10 M cytochalasin B showed there was no detectable difference in the magnitude or kinetics of the degranulation in BODIPY-stained and unstained neutrophils, suggesting that neutrophils were not affected by the stain or staining procedure (data not shown). For experiments with nonrespiring bacteria, the biofilms were treated for 30 min with 0.02% sodium azide, then washed twice with HBSS. In fixed cell experiments, the neutrophils were treated with fresh cold 2% paraformaldehyde for 5 min, then washed twice with HBSS.
The bacteria and neutrophils were observed using a Leica TCS-SP confocal microscope (Leica Microsystems, Heidelberg, Germany) with a ϫ63 water immersion objective. For bacterial observation, the GFP was excited with the 488-nm line of an argon laser and emission was collected at 500 -550 nm, and for neutrophil visualization, the BODIPY-FL was excited with the 568-nm line of a krypton laser and emission was monitored at 590 -700 nm. Confocal stacks were collected on the same field over a time period of 80 min. Images were processed using the shadow projection function of Imaris 3.0 (Bitplane, St. Paul, MN) and Adobe Photoshop (Adobe Systems, San Jose, CA).
Measurement of dissolved oxygen, oxygen flux, and hydrogen peroxide
For analysis of oxygen profiles using calibrated microelectrodes, biofilms were cultivated in a flat-plate open-channel Bioreactor with glass microscope slides serving as the biofilm substratum (22) . Biofilms were washed twice daily for 20 min with sterile water to remove excess cell debris and planktonic microorganisms. Before the addition of neutrophils, the reactors were rinsed with sterile water and equilibrated in HBSS at 37°C in polycarbonate chambers. HBSS (6 ml) was added to the neutrophil stock suspensions to give a final concentration of 10 7 cells/ml. Neutrophils were incubated with the biofilm for 30 min. In experiments involving biofilm serum exposure, the biofilms were incubated with 10% autologous serum in the incubation buffer for 30 min before adding neutrophils or conducting oxygen determinations.
Dissolved oxygen measurements were performed with a modified Clarks-type electrode with guard cathode as previously described (23) . The measurements were directed to a computer-based data acquisition system that monitored the current and the position of the microelectrode. Measurements were made at 17-m vertical distance intervals starting in the buffer above the biofilms until the substrate base of the biofilms. An inverted microscope (Olympus, Tokyo, Japan) was used to locate microelectrode tips during biofilm measurements. Oxygen fluxes were calculated from the slopes of the oxygen concentration gradients according to the method of Villaverde et al. (24) . The experiments were reproduced for nine different biofilm/neutrophil preparations. Data shown in Fig. 5 are from a representative set of measurements on the same biofilm/neutrophil system. Hydrogen peroxide measurements were performed with a glass-encased platinum wire anode against a silver/silver chloride reference electrode from Fischer Scientific (Tustin, CA) as previously described (25) . The anode was polarized with a constant potential of ϩ0.80V. The hydrogen peroxide electrode was calibrated using standardized 30% hydrogen peroxide solutions diluted into HBSS.
Scanning and transmission electron microscopy P. aeruginosa biofilms were grown in reactors as described above. The biofilms were then incubated in HBSS for 30 min in the presence or absence of 10% human serum obtained from autologous donors of neutrophil preparations. Neutrophils were added to the buffer above the biofilms to a cell density of 10 7 cells/ml and allowed to settle for 30 min at 37 o C. The samples were fixed by placing the slides in 10% PBS containing 2% glutaraldehyde and 8% sucrose. The samples were rinsed twice with 15-min incubations in PBS (pH 7.4) and incrementally dehydrated in a series of washes in 50, 70, 90, and 100% ethanol for 10 min each. The samples were then transferred to brass containers for critical point drying with ethanol and CO 2 . Following critical point drying, the samples were mounted on scanning electron microscopic stages with double-stick carbon tape and sputter coated with 20 nm of gold-palladium in the presence of argon. The samples were examined using a JEOL 6100 scanning electron microscope (JEOL USA, Peabody MA) with a Runco digital imaging system (Runco International, Union City, CA). For transmission electron microscopy, similarly treated samples were fixed in 3% glutaraldehyde, stained in 2% OsO 4 in 0.1 M potassium/sodium PBS (pH 7.2), and then rinsed three times. Following rinsing, the samples were dehydrated sequentially in 50, 70, 90, and 100% ethanol. Dehydration was followed by rinsing and embedding in Spurr's resin. The blocks were then sectioned into 70-nm sections using a RMC MTXL ultramicrotome (Boeckler Instruments, Tuscon, AZ) and examined using a Hitachi H-7100 electron microscope (Hitachi High Technologies America, Pleasanton, CA) equipped with an AMT digital camera system coupled with a 1K by 1K charge-coupled device camera (Advanced Microscopy Techniques, Danvers, MA).
Granule release assays
For assays of free myeloperoxidase, ␤-glucuronidase, and lactoferrin released by neutrophils, P. aeruginosa biofilms were grown in 96-well microtiter plates and exposed to neutrophils. Supernatants of extracellular medium were examined for content of the above constituents of primary and secondary granules. Overnight bacterial cultures were diluted 1/100 in 10ϫ biofilm medium (but containing only 145 mM NaCl) and used to inoculate plates. To allow biofilm formation, cultures were grown for 48 h at 37°C, with the medium changed with sterile medium every 8 h, to provide fresh medium and to remove planktonic cells. The medium was changed 1 h before the introduction of the neutrophils. In some experiments, the biofilms were rinsed in HBSS once followed by a 30-min preincubation with HBSS or HBSS plus 10% autologous serum at room temperature. Immediately before the introduction of the neutrophils, the biofilms were rinsed three times in HBSS. Visible biofilms were observed as a white film in the wells and by using a phase-contrast inverted microscope. HBSS was added to each well (the final volume for each experiment was 200 l). Some experiments were performed by adding 10 M cytochalasin B and 1 M fMLF to the wells to provide a measure of maximum granule release. Human neutrophils, 4 ϫ 10 5 /well, were added and incubated for 45 min at 25 or 4 o C. The plates were shaken sufficiently every 10 min to mix the suspension. At the end of the incubation, the plates were centrifuged at 140 ϫ g of the relative centrifugal force for 5 min to pellet the neutrophils. A 50-to 70-l aliquot of the supernatant was placed into a new plate before and after the 25 o C incubation and maintained on ice until assay for granule protein content could be performed. In preliminary experiments, the biofilm/neutrophil system supernatants were sampled for granule release every 15 min for up to 90 min. Maximal release was achieved after 15-30 min for all conditions.
The myeloperoxidase content of the supernatants was measured colorimetrically, scaled to a microtiter plate assay (200 l) according to Parkos et al. (26) . ␤-Glucuronidase activity was measured colorimetrically after scaling to microtiter plate volumes (200 l) according to Fishman (27) .
Lactoferrin was assayed by quantitative Western blot analysis (28) using pure human milk lactoferrin (Sigma-Aldrich) as a standard and Cappel rabbit anti-human lactoferrin (1/8000 dilution for chemiluminescence, 1/1000 dilution for conventional analysis; ICN Biomedicals, Irvine, CA) for the primary Ab and peroxidase-conjugated or alkaline phosphataseconjugated goat anti-rabbit (H ϩ L) for chemiluminescence or colorimetric immunoblot assays (Bio-Rad, Hercules, CA) as a secondary Ab. Western blots were developed as described by Pierce using the commercially available Pierce chemiluminescence assay kit (Pierce, Rockford, IL) or the 5-bromo-4-chloro-3-indolyl phosphate/nitroblue tetrazolium Phosphatase Substrate System (Kirkegaard & Perry Laboratories, Gaithersburg, MD). Specifically, immunoreactive bands on developed x-ray film were quantitated by densitometry using ImageQuant software (Molecular Dyanmics, Sunnyvale, CA). Immunoblots developed with colorimetric methods were similarly scanned using an image scanner to create TIFF files, which were also quantitated using ImageQuant software. Lactoferrin content of unstimulated neutrophils in mock wells was determined both in diisopropyl fluorophosphate-treated and untreated cells and found to be 2.9 Ϯ 0.1 and 2.6 Ϯ 0.2, respectively. The maximum amount released, in the presence of secretagogues fMLF and cytochalasin B was 82 Ϯ 12%. Since most of the lactoferrin release studies were performed on cells that were not treated with the protease inhibitors, release values varied significantly. Proteolytic activity was observed as immunoreactive bands of molecular mass lower than ϳ80 kDa. The errors reported are SEs with n ϭ 16.
Results
SCLM and SEM of neutrophils settling on plastic glass substrate and on P. aeruginosa PAO1 biofilm
To examine the interaction between human neutrophils and P. aerugniosa biofilms, neutrophils were isolated and purified from peripheral blood and labeled with the vital fluorescent stain BODIPY-FL SSE as described in Materials and Methods. These red fluorescent cells were allowed to settle on biofilms of green fluorescent protein-expressing P. aeruginosa grown on glass surfaces using a drip flow reactor. This labeling scheme allowed clear demarcation of both types of cells by two-color fluorescence confocal microscopy. Fig. 1A shows that when a neutrophil settles on an area of the slide that is free of biofilm it typically exhibits a characteristic "fried egg" morphology observed during tight adherence and "frustrated phagocytosis" (29, 30) . This morphology shows that the stained neutrophils were viable, responsive, and able to undergo significant remodeling of their cytoskeleton in response to the untreated surface. In contrast, neutrophils exposed for up to 45 min to the P. aeruginosa biofilms do not exhibit any significant polarization or irregular gross morphology characteristic of stimulation or frustrated phagocytosis. The neutrophils retained a round, fairly symmetrical morphology viewed either from above or from a confocal reconstructed transverse section through the biofilm. The "dorsal" surface appeared relatively round, yet the "ventral" or biofilm contact surface of the neutrophils, although still primarily rounded, appeared to contain bacteria that either were engulfed or enveloped by the neutrophil.
To confirm independently, at higher resolution, that neutrophils indeed retained this rounded morphology after settling on P. aeruginosa biofilms, the interactions were also examined by scanning electron microscopy using biofilms grown slightly differently (under conditions where oxygen metabolism could also be monitored), under laminar flow conditions in a channel bioreactor operated isothermally (see Materials and Methods). The biofilms were incubated with 10% autologous serum or control HBSS solution, covered by a suspension of neutrophils at 10 7 cells/ml, then glutaraldehyde-fixed for scanning electron microscopy. Fig. 2A shows the morphology of the P. aeruginosa biofilm without the addition of neutrophils, revealing a characteristic heterogeneous distribution of cell aggregates and clusters spaced between channels penetrating into the biofilm. This morphology was indistinguishable from that observed after exposure to 10% autologous serum (Fig. 2B) , although higher magnification revealed a greater abundance of fine filamentous fimbriae-like structures with serum addition (data not shown). When neutrophils were added, they completely covered the biofilm, turning it white upon visual inspection. After 30 min of incubation, the leukocytes can be seen integrating into the complex surface and lining the cavities of the biofilm. Fig. 2 , C and E, show the association of leukocytes in the absence of serum, and Fig. 2, D and F, show the interactions in the presence of 10% autologous serum. In some cases, the neutrophils were partially covered and obscured by the biofilms. However, almost without exception they retained a highly symmetrical, rounded morphology with modest ruffling (Fig. 2, E and F) . This morphology is reminiscent of unstimulated cells rather than cells exposed to opsonized surfaces with potentially high concentrations of chemoattractants (31) . No evidence of frustrated phagocytosis (29, 30, 32) or polarized motility (33) was observed, although numerous examples of bacterial adherence to the surface of the neutrophils were seen (Fig. 2, C-F) . This morphology was apparent whether or not the biofilms were pretreated with 10% autologous serum.
Settled neutrophils remain stationary on P. aeruginosa PAO1 biofilms and are enveloped by planktonic bacteria
Because neutrophil morphology changes relatively quickly (within 5 min of exposure to stimulants at room temperature), time courses of the settling of viable BODIPY-labeled neutrophils on P. aeruginosa biofilms were examined by SCLM. Fig. 3 shows a series of confocal microscopic images taken during a 60-min exposure of neutrophils to serum-exposed biofilms. After settling (Fig. 3, A and  B) , the round neutrophils do not move or change shape significantly but appear to slowly sink into the biofilm until they are fully covered by a very smooth biofilm surface (Fig. 3C) . Examination of a vertical or transverse confocal section of the system shows that the neutrophils do not actually migrate into the surface, but instead remain immobile and attached to a relatively stable biofilm interface. Interestingly, a cloud of bacteria that gets increasingly dense with time forms above the more substantial biofilm interface (Fig. 4, A and B) . This cloud progressively obscures the view of the neutrophils from above, giving the impression that they are somehow burrowing into the biofilm. This type of activity is also observed to be slightly more rapid when biofilms are pre-exposed to 10% autologous serum and also occurs upon exposure of the biofilm to serum alone (data not shown). Treatment of the biofilms with 0.2% NaN 3 , to inhibit respiration, before addition of the neutrophils prevented the cloud formation (Fig. 4, E and F) and the pseudo sinking of the neutrophils into the biofilms (data not shown). Treatment of either the biofilm or the neutrophils separately with 2% paraformaldehyde also prevented biofilm mobilization (data not shown), indicating that the bacteria respond only to the viable neutrophils.
Oxygen consumption during neutrophil settling on P. aeruginosa biofilms
From the lower resolution and noninvasive methods of examination, it appears that the biofilm bacteria become mobile upon exposure to purified neutrophils, serum, or both, while neutrophils exhibit a distinct nonreactive morphology. To examine more closely the leukocyte-biofilm interaction, we also determined the oxygen requirements of the system. Neutrophils engage in strong oxidative bursts that can generate on the order of 10 fmol/min-cell superoxide. These bursts can generate local steady-state concentrations of superoxide or H 2 O 2 of 1-10 M around a single neutrophil (34) . To examine the oxygen requirements of the biofilm-neutrophil system, the concentrationdriven fluxes of oxygen into the biofilm were calculated by measuring the dissolved oxygen concentration gradients along the vertical axis from the biofilm substratum to the buffer above using a modified Clark-type microelectrode (35) . Fig. 5A shows an example of the microelectrode measurements of oxygen concentration as a function of depth into a paraformaldehyde-fixed biofilm. Initially, the O 2 concentration is constant throughout the biofilm and is equal to the ambient oxygen concentration, since the fixed bacteria do not respire. The concentration profile observed for living biofilms is very different and is shown in Fig. 5C . In living biofilms, [O 2 ] drops to near zero in the biofilm due to the aerobic metabolism of its bacterial members (13, 22) . Following addition of the neutrophils to the fixed biofilm in Fig. 5A , the O 2 concentration is rapidly reduced in the biofilm as well as above it as the neutrophils utilize the O 2 for minimal basal metabolism and for NADPH oxidase to generate superoxide. At later times as the respiratory burst subsides, the concentration gradient relaxes, reflecting a return of higher oxygen concentrations in the biofilm as O 2 concentration re-equilibrates by diffusion-driven processes.
Such gradients were measured at several time points before and after addition of neutrophils and the diffusion-driven fluxes of oxygen into the biofilm were calculated by the method of Villaverde et al. (24) . The fluxes are shown in Fig. 5B for the paraformaldehyde-fixed biofilm. These fluxes directly reflect the neutrophil oxygen consumption rates per unit area of the biofilm and clearly show that oxygen consumption is stimulated by the settling of neutrophils onto the biofilm surface (see Discussion). It is evident that neutrophil addition to fixed biofilms resulted in a sudden jump of O 2 flux from near 0 to 5 nmol/min-cm 2 , followed by a gradual, accelerating decline to approximately half that value by 60 min. Since the neutrophil surface density in the experiment is ϳ3.2 ϫ 10 6 cells/cm 2 , this maximum flux value corresponds to an O 2 consumption rate of ϳ17 nmol/min-10 7 cells, a value that is eight times the resting consumption rate of resting neutrophils in suspension and ϳ17% of the maximal rate observed during an oxidative burst, in such cells, induced by saturating concentrations of stimulants such as PMA and the combination of fMLF plus cytochalasin B (26) . Fig. 5 , C and D, shows the O 2 concentrations and fluxes, respectively, following addition of neutrophils to an untreated (unopsonized) living P. aeruginosa biofilm and were derived in the same way as Fig. 5, A and B . In this system, the O 2 concentration gradient is already established by the living biofilm at time 0. Oxygen flux (i.e., O 2 consumption) into the biofilm thus reflects the respiration of the living bacteria in the biofilm only. However, upon addition of neutrophils, the gradients get steeper and the O 2 consumption rate increases ϳ5-fold from a steady-state level of 4 nmol/min-cm 2 before neutrophil addition to 18 nmol/min-cm 2 upon settling of neutrophils. With time, the O 2 consumption gradually declines back to twice the initial steady state by 90 min. An analogous experiment was also performed to evaluate the effect of serum on the biofilm-neutrophil system. Addition of serum alone to the P. aeruginosa biofilms also steepens the oxygen concentration gradients shown in Fig. 5E and thus induces an increased oxidative requirement shown in Fig. 5F , linearly pushing fluxes from 4 to ϳ8 -10 nmol/min-cm 2 in 30 min. Addition of neutrophils to this system temporarily increases the oxygen flux further but then causes reversal of the increasing trend. This reversal reflects a gradual decrease in oxygen consumption to levels equivalent to those observed before the addition of neutrophils or serum.
In parallel studies, we also measured the concentration profiles of H 2 O 2 produced by neutrophils settled onto biofilms. This production resulted in a transient, steady-state H 2 O 2 concentrations of 1-2 M or less at the biofilm interface (data not shown). Together, these experiments indicate that the oxygen requirements of the biofilm-neutrophil systems increase between 2-and 5-fold over the oxygen requirement for biofilm alone in the absence or presence of serum, respectively. For neutrophils on the paraformaldehyde-fixed biofilm, oxygen consumption results only from the net contribution of neutrophils since the biofilm consumed no oxygen by itself. Additionally, since very little H 2 O 2 can be measured in the living biofilmneutrophil system, these results also suggest that the biofilm may contribute to its rapid consumption (see Discussion).
P. aeruginosa biofilms induce neutrophil granule release
To determine whether other host defensive activities of neutrophils are affected by the encounter with P. aeruginosa biofilms, stimulated degranulation of neutrophils was determined. Biofilms were grown in microtiter plates, and the release into the medium of azurophil granule proteins, myeloperoxidase and ␤-glucuronidase, and the specific granule component, lactoferrin was assayed after biofilm exposure to neutrophils. Fig. 6A shows that when neutrophils are exposed to biofilms in the absence of serum, myeloperoxidase is released into the extracellular medium to a level that is ϳ20% of the maximal release observed when a known degranulating stimulus or secretagogue (36, 37) is used, such as 1 M fMLF in the presence of 10 M cytochalasin B. This release was Ͼ5-fold greater than that observed for neutrophils adhering to plastic. In the presence of serum-opsonized bacteria, however, significantly greater amounts of myeloperoxidase (ϳ40%) were released to the medium. Exposure of the neutrophils to control plastic surfaces after coating of the wells with 10% serum also resulted in an approximate doubling of the respective myeloperoxidase release. Myeloperoxidase release was paralleled by the release of another primary granule constituent, ␤-glucuronidase. Although the assay was less sensitive to the release of this granule enzyme, ␤-glucuronidase amounts in the extracellular medium paralleled the amount of myeloperoxidase released (data not shown), confirming the degranulation activity.
Lactoferrin, a constituent of another granule population of neutrophils, the specific granules, has been shown to prevent formation of P. aeruginosa biofilms by enhancing motility of adherent bacteria (38) . In our experiments, lactoferrin was also released by the neutrophils after exposure to serum-opsonized and unopsonized biofilms. The maximum amount of lactoferrin released by 4 ϫ 10 5 neutrophils into the 200-l assay was 0.9 Ϯ 0.1 g. Fig.  6B shows the relative release of lactoferrin to the extracellular medium. The percentages shown reflect the release observed when compared with that seen with the maximally stimulated neutrophils (1 M fMLF and 10 M cytochalasin B) in contact with FIGURE 5. Oxygen metabolism of the biofilm-neutrophil system. Human neutrophils were added to P. aeruginosa PAO1 living (C-F) or paraformaldehyde-fixed (A and B) biofilms in the presence (E and F) or absence (A-D) of serum, and the dissolved oxygen concentrations (A, C, and E) were measured as a function of distance from the biofilm substratum interface to the oxygen electrode tip. Oxygen consumption rates (B, D, and F) were calculated from the spatial dissolved oxygen concentration gradients (A, C, and E) measured at the indicated time. A, The dissolved O 2 concentration gradients across a paraformaldehyde-fixed biofilm before (E) and 15 min (ࡗ) or 60 min (Ⅺ) after addition of neutrophils. B, The calculated flux (consumption rate per unit area) into the paraformaldehyde-fixed biofilm alone (t ϭ 0) or after the indicated interval of time following the addition of neutrophils. C, The oxygen concentration gradients across a living unopsonized biofilm before (E) and 5 min (OE) or 15 min (ࡗ) after addition of neutrophils. D, The calculated flux (consumption rate per unit area) into the biofilm alone (t ϭ 0) or after the indicated interval of time after the addition of neutrophils. E, The oxygen concentration gradients across a living unopsonized biofilm before (f) and 5 min (OE) after addition of serum or after 30 min of serum exposure followed by 5 min of exposure to neutrophils (). F, The calculated flux (consumption rate per unit area) into the biofilm alone (t ϭ 0) or after the indicated interval of time after the addition of neutrophils. Experiments were repeated nine times. The data shown are from one typical data set.
opsonized biofilms or serum-coated plastic control surfaces. (Each gave maximum (100%) readings in different experimental runs.) Lactoferrin release was determined by quantitative Western blot analysis of immunoreactive protein species recognized by an antilactoferrin Ab using human milk lactoferrin as a standard. It shows that the amount released is equivalent to ϳ50 (no serum exposure) to 80% (with serum exposure) of the maximum observed with the secretagogue fMLF plus cytochalasin B stimulation.
Neutrophils are engorged with bacteria after exposure to biofilms
Although neutrophils do not appear to migrate into biofilms by an active process similar to ameboid crawling, they are capable of responding with an oxidative burst (although mitigated by biofilm respiratory competition for oxygen and by catalase activity (13)) and release primary and secondary granule constituents in the presence of biofilms. Ultimately, the crucial host defensive process that characterizes neutrophil function and their ability to kill microbes is phagocytosis. Neither scanning electron microscopy nor SCLM were able to provide unambiguous evidence that the neutrophils engaging the biofilms were involved in a phagocytic process. To assess whether the neutrophils contacting biofilm bacteria actually were engulfing bacteria and involved in their characteristic response, neutrophil-exposed biofilms were examined by transmission electron microscopy of transverse sections of biofilms exposed to neutrophils (Fig. 7) . Neutrophils are adherent to biofilms both in the absence (Fig. 7A ) and in the presence (Fig. 7C ) of serum. In both cases, there is direct evidence that neutrophils, with a primarily rounded morphology, exhibit significant phagocytic activity for biofilm bacteria on their bacteria adjacent surfaces. It also appears that the cells have developed mild asymmetry with more of the cell body extending to contact the surface bacteria (Fig. 7B ). Cells treated with cytochalasin B and fMLF are granule depleted but contain no phagocytosed bacteria (Fig. 7D) . Thus, active phagocytosis with a modest degree of polarity suggests that the neutrophils are able to respond to P. aeruginosa biofilms with a vigorous phagocytic response.
Discussion
Our results show that a unique interaction occurs between P. aeruginosa PAO1 biofilms and human neutrophils in a model system. The results suggest that neutrophils settle onto biofilms but do not appear capable of migrating away from the point of contact even though they appear to mount a respiratory burst, degranulate, and engage in phagocytosis of biofilm bacteria. Neutrophil contact with P. aeruginosa PAO1 biofilms also stimulates "emigration" or "flight" of significant numbers of individual members of the biofilm community that may contribute to the increased respiratory activity of the system. Several lines of microscopic evidence suggest that normal migratory behavior of phagocytes is disrupted by P. aeruginosa PAO1 biofilms. Both SCLM and scanning electron microscopy (using unstained neutrophils), as well as phase-contrast microscopy using unstained neutrophils (data not shown), indicate that the neutrophils retain a rounded morphology, more characteristic of unstimulated cells, even though there are potentially very high concentrations of neutrophil chemotactic molecules in these biofilms. Such high concentrations of bacteria generally stimulate a highly polarized morphology in suspension cells and a high degree of random motility when neutrophils are attached to a variety of surfaces. Initially, we thought the biofilm had a cytochalasin B FIGURE 6. Biofilm-induced neutrophil myeloperoxidase and lactoferrin release. Neutrophils were layered onto static biofilms grown in microtiter plates or onto sterile plastic control wells. After 60 min, the extracellular medium was assayed for released myeloperoxidase (A) and lactoferrin (B) as described in Materials and Methods. Biofilms or microtiter plate wells were exposed to 10% autologous serum before neutrophil addition. To measure maximum release, the assay was also conducted in the presence and absence of the secretagogue combination 1 M fMLF plus 10 M cytochalasin B (CB). A, Bar graph shows the myeloperoxidase release as a percentage of the maximum observed in the presence of cytochalasin B plus fMLF. Dark bars indicate biofilm in the well to which the neutrophils were added. Light bars indicate no biofilm (plastic) in the corresponding well under the indicated conditions, i.e., unopsonized biofilm or bare plastic (No Addition); 10% autologous serum-opsonized biofilm or coated plastic well (Serum); unopsonized biofilm or bare plastic well in the presence of 1 M fMLF plus 10 M cytochalasin B (fMLF/CB); 10% autologous serum-opsonized biofilm or coated plastic well in the presence of 1 M fMLF plus 10 M cytochalasin B (Serum ϩ fMLF/CB). Values are percentage of maximum Ϯ SEM, n ϭ 5. Maximum activity was chosen as the largest release observed for a particular experimental run with secretagogue added to the assay. B, Lactoferrin released into the extracellular medium of the degranulation assay. Conditions for shading are identical to that in A. Extracellular medium was assayed for the presence of a lactoferrin by quantitative immunoblot analysis. Maximum release was ϳ0.9 Ϯ 0.1 g lactoferrin/well. type of effect on the neutrophils, keeping them round and incapable of assembling actin. However, transmission electron microscopy indicated that, unlike in the cytochalasin B plus fMLF-exposed neutrophils, biofilm bacteria were engulfed by the rounded neutrophils. The mechanism by which the biofilms cause the neutrophils to become immobilized but still capable of phagocytosing bacteria is not known. However, exotoxins produced by P. aeruginosa may play a role. The P. aeruginosa exotoxins ExoS and ExoT are injected into eukaryotic cells by the type III secretion machinery (39) . ExoT is a rho GTPase accelerator protein that affects actin polymerization of epithelial cells by inhibiting the stimulating activity of the GTP-bound form (40, 41) . Such inhibition could have selective effects on cytoskeletal remodeling (42) and thus might be functionally similar but more specific than a global actin polymerization inhibitor such as cytochalasin B. This speculation will require additional investigation.
The SCLM images suggest that the neutrophils observed in our study, unlike the leukocytes settled onto Staphylococcus aureus biofilms (43), do not "bore" into the biofilm. Instead, the neutrophils disturb the P. aeruginosa biofilm so planktonic members escape to the region above the biofilm surface. In the S. aureus study, the leukocytes also retained a round morphology but they exhibited a halo of clearance in the vicinity of leukocyte surface. It may be possible that such cells also manifested an escape motility response, albeit significantly reduced compared with the more actively motile P. aeruginosa bacteria. In our system, metabolic inactivation of the biofilms with NaN 3 or of the neutrophils with paraformaldehyde prevents the "escape" response. Thus, the process appears to require bacterial and neutrophil metabolic activity. Superoxide dismutase and catalase added to the system to scavenge superoxide and hydrogen peroxide also appear to have no visible effect (data not shown) and suggest that these oxygen species do not function in signaling the process, as has been recently suggested for other eukaryotic systems (44) .
Pure lactoferrin has recently been shown to inhibit formation of P. aeruginosa biofilms without inducing the dispersal of established biofilms (38) . In those studies, inhibition of biofilm formation was observed at 20 g/ml lactoferrin. The secretagogue combination used in the positive control of our study causes neutrophils to maximally release ϳ82% Ϯ 12% of their granule contents (45) or 2.4 Ϯ 0.3 g/10 6 cells. Thus, our measurements suggest that biofilms induce neutrophils to release ϳ50 -80% of this maximal amount or ϳ1-2 g. The reported lactoferrin content of neutrophils is 5-25 pg/cell (46) . Our measured lactoferrin contents are at the lower end of the reported range by a factor of two but the difference may not be significant considering the different assays used (47) , the method of cell preparation, the broad range of lactoferrin content observed in the neutrophils of different donors (46) , and the protease sensitivity of lactoferrin (48) . Thus, we estimate that lactoferrin release is roughly 1-2 g/10 6 cells on biofilms and thus may be capable of producing estimated local concentrations of lactoferrin in the range of 10 -20 g/ml in our confocal experiments. One additional caveat in this estimate, however, is the significant amounts of neutrophil proteases that are released during degranulation and phagocytosis (49) . The neutrophils used in this study were not treated to prevent proteolysis and proteolysis was in fact observed as lower molecular mass fragments in immunoblot analysis of lactoferrin (data not shown). Thus, a significant fraction of lactoferrin released by the settling neutrophils is probably degraded. Singh et al. (38) , in previous studies, showed that intact lactoferrin at similar concentrations inhibits P. aeruginosa biofilm development, stimulates postdivision motility, but fails to alter the structure of mature biofilms. We conclude that formation of the bacterial clouds on mature biofilms observed after neutrophil settling appears to be a significantly different response. However, because of the difference in time frames of published studies and our experiments, we cannot rule out lactoferrin or its degradation products as being responsible for the stimulated bacterial motility we observed.
Although the polarization and migration of neutrophils appears to be disrupted by biofilm contact, the neutrophils retain phagocytic and secretory activity. Neutrophil exposure to paraformaldehyde-fixed biofilms induces significant O 2 consumption that is probably activated by neutrophil/bacterial contact. Jensen et al. (50) have shown, in an analogous living biofilm setting, that P. aeruginosa does indeed induce an oxidative response of shortened duration and magnitude in neutrophils when compared with equivalent planktonic interactions. Confirmation of the neutrophil contribution to oxygen consumption when settled onto unfixed biofilms was provided by direct measurement of H 2 O 2 concentration profiles at the neutrophil-biofilm interface. This production resulted in transient maximal H 2 O 2 concentrations of 1-2 M at the biofilm liquid interface containing an estimated 3 ϫ 10 6 cells/cm 2 . Neutrophils in suspension (ϳ10 6 /ml) are capable of producing steady-state concentrations of H 2 O 2 of ϳ10 M from the superoxide that their NADPH oxidase generates (51) . H 2 O 2 production can be efficiently converted back to oxygen by bacterial catalase which can be used by bacterial biofilms for respiration (13) . It also can be used for host defensive function by free (51) or bacterialbound (52) myeloperoxidase released by neutrophils. Indeed, studies of the neutrophil oxidative burst activated by suspensions of Escherichia coli have established that a competition for oxygen exists between the host defensive cells and bacteria (53) .
Thus, the effect of the neutrophil oxidative burst on the bacteria will depend on 1) the relative amount of H 2 O 2 recycled to oxygen and used for respiration by bacterial catalase and respiratory systems; 2) the amount converted to HOCl by the bound/locally deposited myeloperoxidase; and 3) the amount entering into the neutrophil cytoplasm and destroyed by the glutathione peroxidase system (54) . Nevertheless, because the neutrophils are immobilized on the biofilm, the bacteria effectively form a protective wall that may serve as a sink for O 2 , H 2 O 2, O 2 . , and myeloperoxidase products and continuously supply catalase-recycled oxygen to both types of uninjured cells. In an infection, as masses of neutrophils pile up on this wall, the net effect may be to expose the neutrophils to their own oxidants, resulting in self-injury and thus compromising their own host defensive activity (55, 56) while uninjured bacteria escape to colonize elsewhere. Therefore, such activity benefits the biofilm membership with replenishment of neutrophildepleted oxygen needed for bacterial metabolism and mitigation of oxidative damage. The results also suggest that a major fraction of the net demand or "sink" for oxygen is the increased metabolic activity of the biofilm bacteria observed when stimulated either with serum alone, which contains the microbicidal complement system as well as bacterial nutrients, or with the secreted neutrophil products. Together our observations suggest that the structure, biochemical makeup, and response of the P. aeruginosa biofilm bacteria to a massive influx of neutrophils acts to mitigate the leukocyte host defensive function. Such behavior might contribute to the ineffectiveness of these host defensive cells in the pathologic environment of the cystic fibrosis lung or other biofilm infections.
